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Abstract 

Both  interfacial  contact  resistance  (ICR)  measurements  and  electrochemical  corrosion  techniques  were  applied  to  ferritic  stainless 
steels  in  a  solution  simulating  the  environment  of  a  bipolar  plate  in  a  polymer  electrolyte  membrane  fuel  cell  (PEMFC).  Stainless  steel 
samples  of  AISI434,  AISI436,  AISI441,  AISI444,  and  AISI446  were  studied,  and  the  results  suggest  that  AISI446  could  be  considered  as  a 
candidate  bipolar  plate  material.  In  both  polymer  electrolyte  membrane  fuel  cell  anode  and  cathode  environments,  AISI446  steel  underwent 
passivation  and  the  passive  films  were  very  stable.  An  increase  in  the  ICR  between  the  steel  and  the  carbon  backing  material  due  to  the 
passive  film  formation  was  noted.  The  thickness  of  the  passive  film  on  AISI446  was  estimated  to  be  2.6  nm  for  the  film  formed  at  —0. 1  V  in 
the  simulated  PEMFC  anode  environment  and  3.0  nm  for  the  film  formed  at  0.6  V  in  the  simulated  PEMFC  cathode  environment.  Further 
improvement  in  the  ICR  will  require  some  modification  of  the  passive  film,  which  is  dominated  by  chromium  oxide. 
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1.  Introduction 

The  polymer  electrolyte  membrane  fuel  cell  (PEMFC)  is 
a  clean  energy  system  that  can  convert  hydrogen  and  oxygen 
(or  air)  directly  to  electricity  with  water  as  the  only  chemical 
by-product  [1].  The  hydrogen  oxidation  reaction  occurs  in 
the  PEMFC  anode  side,  while  the  oxygen  reduction  reaction 
occurs  in  the  PEMFC  cathode  side.  Since  a  single  cell  can 
only  give  an  output  voltage  of  around  0. 5-0.7  V  the  cells  are 
stacked  together  in  series,  connected  by  means  of  bipolar 
plates.  The  combination  of  the  size  of  the  plates  (relating 
to  the  total  current),  coupled  to  the  number  of  cells  in  the 
stack,  provides  the  requisite  power. 

The  bipolar  plates  are  a  multifunctional  component  in  this 
stack  as  they  provide  electrical  continuity  between  the  cells, 
they  separate  the  gasses,  and  the  flow  channels  in  the  plates 
deliver  the  reacting  gasses  to  the  fuel  cell  electrodes.  Classic 
fuel  cell  stacks  used  graphite  material  as  the  bipolar  plate; 
while  its  properties  are  ideal,  its  high  cost,  and  the  need  for 
machining  to  form  the  flow  channels,  eliminate  this  material 
for  applications  involving  high- volume  manufacturing.  Al¬ 
ternatives  that  have  been  investigated  as  bipolar  plate  mate¬ 
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rial  include:  carbon  composite  material  [2,3],  coated  metals 
[4,5],  and  Fe-based  alloys  and  stainless  steels  [6-12].  Stain¬ 
less  steel  materials  have  received  considerable  attention  due 
to  their  relatively  high  strength,  high  chemical  stability,  low 
gas  permeability,  wide  range  of  alloy  choice,  and  applica¬ 
bility  to  mass  production,  as  well  as  cost  considerations  [1]. 
In  addition,  using  thin  sheets  can  compensate  for  the  high 
material  density,  and  stainless  steel  screen  has  been  pro¬ 
posed  [13,14]  to  remove  the  cost  of  forming  flow-fields  on 
the  metals. 

Most  of  the  work  on  stainless  steel  bipolar  plate  mate¬ 
rial  has  been  on  the  austenitic  stainless  steels  [7,8,10,11]. 
Previous  investigations  in  our  laboratory  looking  at  a  va¬ 
riety  of  alloys  showed  that  349™  stainless  steel  exhibited 
superior  behavior  in  a  simulated  PEMFC  environment  and 
would  be  an  excellent  candidate  material  for  bipolar  plates 
[15].  In  that  work,  it  was  observed  that  the  performance  de¬ 
pended  on  the  amount  of  chromium  in  the  alloy,  with  higher 
chromium  leading  to  better  properties.  However,  these  alloys 
also  have  a  high  nickel  component,  which  increases  their 
cost,  leading  one  to  evaluate  lower-cost  alloys.  Our  earlier 
work  on  the  nature  of  the  passive  film  with  these  materials 
showed  that  nickel  is  not  a  major  component  in  the  oxide 
film  [16],  indicating  that  perhaps  nickel  could  be  eliminated 
without  changing  the  performance.  In  addition,  recent  work 
has  shown  that  nickel  from  316L  stainless  steel  can  be  a 
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major  containment  in  the  membrane,  reducing  overall  con¬ 
ductivity  [17].  Thus  far,  there  has  been  very  little  work  with 
the  ferrite  stainless  steels  [18],  which  have  little  or  no  nickel 
component  but  have  similar  amounts  of  chromium.  A  selec¬ 
tion  of  these  materials  was  therefore  chosen  for  this  report. 

2.  Experimental 

2.7.  Materials  and  electrochemistry 

Ferrite  stainless  steels  samples  of  AISI434,  AISI436, 
AISI441,  AISI444,  and  AISI446  were  provided  by  J  & 
L  Specialty  Steel,  Inc.  Their  chemical  compositions  are 
given  in  Table  1.  The  plates  were  cut  into  samples  of 
2.54  cm  x  1.25  cm,  polished  with  #600  grit  SiC  abrasive 
paper,  rinsed  with  acetone,  and  dried  with  nitrogen  gas.  An 
electrical  contact  was  made  to  one  side  by  means  of  silver 
paint.  Then  the  contact  side  (backside)  and  the  edges  of  the 
samples  were  covered  with  an  insulating  epoxy,  leaving  one 
side  for  electrochemical  measurements.  The  sealing  process 
was  repeated  to  eliminate  possible  leakage. 

To  simulate  direct  contact  with  the  membrane  (worst 
case  for  corrosion)  and  an  aggressive  PEMFC  environment, 
all  electrochemical  experiments  were  conducted  in  1 M 
H2SO4  +  2 ppm  F-  solution  at  70  °C  [12,19].  The  solution 
was  bubbled  thoroughly  either  with  hydrogen  gas  (for  a 
simulated  PEMFC  anode  environment)  or  pressurized  air 
(for  a  simulated  PEMFC  cathode  environment)  prior  to  and 
during  the  electrochemical  measurements. 

A  conventional  three-electrode  system  was  used  for  the 
electrochemical  measurements,  with  a  platinum  sheet  as 
the  counter  electrode  and  a  saturated  calomel  electrode 
(SCE)  as  the  reference  electrode.  Unless  otherwise  speci¬ 
fied,  all  electrode  potentials  will  be  referenced  to  the  SCE. 
A  Solartron  1287  potentiostat  interfaced  with  a  computer 
controlled  the  electrochemical  experiments.  Dynamic  po¬ 
larization  was  used  to  compare  the  general  corrosion  resis¬ 
tance  of  the  steels.  In  these  tests,  samples  were  stabilized  at 
the  open  circuit  potential  (OCP)  for  5  min,  and  then  the  po¬ 
tential  was  swept  from  the  OCP  towards  anodic  potentials 
with  a  scanning  rate  of  1  mV/s. 

To  investigate  the  performance  and  the  stability  of  these 
steels  under  PEMFCs’  operation  conditions,  potentiostatic 
polarization  experiments  were  conducted.  In  these  measure¬ 


ments,  samples  were  also  stabilized  at  OCP  for  5  min  then 
a  specific  potential  was  applied  and  the  current-time  curves 
were  recorded.  Two  potentials  were  chosen  for  the  tests: 
for  the  fuel  cell  anode  condition,  — 0.1V  (equivalent  to 
~0.1  Vnhe)  was  used,  with  the  solution  sparged  with  hy¬ 
drogen  gas,  and  for  the  cathode  condition,  0.6  V  (equivalent 
to  ~0.8  Vnhe)  was  used  with  the  solution  sparged  with  air 

[19]. 

2.2.  Interfacial  contact  resistance  (ICR) 

All  ICR  measurements  were  carried  out  at  room  tempera¬ 
ture  with  dry  samples.  The  method  for  conducting  ICR  mea¬ 
surements  has  been  previously  described  [15].  In  short,  two 
pieces  of  conductive  carbon  papers  were  sandwiched  be¬ 
tween  the  stainless  steel  sample  and  the  two  copper  plates. 
A  current  of  1.000  A  was  provided  via  the  two  copper  plates 
and  the  total  voltage  drop  was  registered  as  a  function  of  the 
gradually  increasing  compaction  force.  The  total  resistance 
dependency  on  the  compaction  force  could  then  be  calcu¬ 
lated.  To  eliminate  the  possible  interference  from  the  oxide 
layer  on  the  copper  plates,  the  plates  were  polished  mechan¬ 
ically  before  the  measurement  and  a  calibration  was  carried 
out.  Similarly,  the  ICR  value  of  the  carbon  paper/copper 
plate  interface  (Rc/Cu)  was  corrected  by  a  calibration  [15]. 
Therefore,  this  report  gives  only  the  corrected  ICR  values  for 
the  carbon  paper/stainless  steel  interface  for  the  air-formed 
film  Rc/ss  or  the  passive  film  Rq/pf)- 

Two  types  of  surface  films  on  the  stainless  steel  samples 
were  investigated.  The  first  group  consisted  of  fresh  sam¬ 
ples  of  the  different  grades.  They  were  polished  with  #600 
SiC  paper,  rinsed  with  acetone  then  dried  with  nitrogen  gas. 
At  this  point,  the  surface  of  the  ferrite  steel  is  covered  only 
with  a  naturally  occurring  air-formed  oxide  film.  The  second 
group  consisted  of  samples  of  the  candidate  steels  that  were 
pre-polarized  at  specific  potentials.  In  these  measurements 
the  steel  samples  were  potentiostatically  polarized  in  the  so¬ 
lution  forming  a  passive  film  due  to  the  polarisation.  They 
were  then  un- sealed  and  the  sealed  side  (backside)  was  pol¬ 
ished  to  #600  SiC  abrasive  paper  followed  by  rinsing  with 
acetone  and  drying  with  pressurized  nitrogen  gas.  Thus,  the 
backside  of  the  steel  sample  would  be  covered  only  with  an 
air-formed  film.  The  ICR  values  Rc/ss  from  the  previous 
measurements  can  then  be  used  to  do  the  correction,  giving 
only  the  Rc/ff  component. 


Table  1 


Chemical  compositions  of  the  stainless  steel  samples 


Grade 

Cr 

Ni 

Mn 

Si 

Mo 

Othera 

Fe 

AISI434 

17.946 

- 

0.289 

0.285 

0.938 

Balance 

AISI436 

18.101 

- 

0.505 

0.370 

1.037 

Cb0.3,  Ti0.2 

Balance 

AISI441 

18.230 

- 

0.519 

0.506 

0.033 

Cb0.69,  Ti0.27 

Balance 

AISI444 

18.485 

- 

0.186 

0.382 

1.763 

Ti  +  Cb  <  0.80 

Balance 

AISI446 

28.367 

2.958 

0.434 

0.424 

3.502 

Ti  +  Cb  <  0.75 

Balance 

a  From  the  website  of  J  &  L  Specialty  Steels,  Inc. 
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2.3.  X-ray  photoelectron  spectroscopy  (XPS) 

In  order  to  identify  the  influence  of  polarization  on  the 
chemical  composition  of  the  surface  passive  film,  the  sur¬ 
faces  of  non-polarized  and  polarized  samples  were  investi¬ 
gated  via  XPS.  The  procedure  for  the  XPS  experiments  has 
been  described  elsewhere  [16].  In  short,  the  XPS  analysis 
was  carried  out  in  a  Phi  5600  electron  spectrometer  using 
A1  Ka  radiation  X-ray  source  (1486.6  eV)  and  a  hemispher¬ 
ical  energy  analyzer.  The  base  pressure  in  the  spectrometer 
chamber  was  1.33  x  10_8Pa.  The  depth  profiles  were 
obtained  by  means  of  sputtering  with  3keV  argon  ions. 
During  the  sputtering,  the  argon  pressure  in  the  chamber 
was  6.67  x  10-5  Pa.  To  estimate  the  sputtering  rate,  a  thin 
Nb-oxide  film  was  sputtered  all  the  way  through  and  it  was 
found  that  the  sputtering  rate  was  about  20  A/min.  Due  to 
the  roughness  of  the  sample  surface,  the  XPS  analysis  could 
only  give  qualitative  analysis  about  the  films. 


3.  Results  and  discussion 

3.1.  Polarization  behavior  of  stainless  steels 

Figs.  1  and  2  give  the  anodic  polarization  curves  for  the 
different  stainless  steels  in  1  M  H2SO4  +  2  ppm  F-  at  70  °C, 
note  that  all  of  the  investigated  steels  show  passivation  be¬ 
havior.  Fig.  1  gives  the  results  when  the  solution  was  purged 
with  hydrogen.  The  operating  potential  for  the  PEMFC’s 
anode  condition,  (approximately  —0.1  V  according  to  [19]), 
is  marked  in  the  figure.  It  is  apparent  that  this  potential  is  in 
the  passive  region  for  all  the  materials  tested.  Fig.  2  shows 
the  results  when  the  solution  was  purged  with  pressurized 
air.  Similarly,  the  operating  potential  for  the  PEMFC’s  cath¬ 


Fig.  1.  Anodic  behavior  of  stainless  steels  in  1  M  H2SO4  +  2 ppm  F_  at 
70  °C  purged  with  H2.  The  anode  potential  in  a  PEMFCs  environment  is 
marked. 


Fig.  2.  Anodic  behavior  of  stainless  steels  in  1  M  H2SO4  +  2 ppm  F_  at 
70  °C  purged  with  air.  The  cathode  potential  in  PEMFCs  application  is 
marked. 

ode  condition  (around  0.6  V),  is  also  marked  in  the  figure. 
Again,  this  cathode  potential  is  in  the  passive  region  for  all 
the  materials  tested. 

Based  on  these  results,  the  five  tested  steels  can  be  paired 
as:  AISI434/AISI44 1 ,  AISI436/AISI444,  and  AISI446 
alone.  Both  AISI434  and  AISI441  showed  a  passivation 
at  —0.15  V  when  the  solution  was  purged  with  hydrogen 
gas  (Fig.  1)  and  at  —0.08  V  when  the  solution  was  purged 
with  air  (Fig.  2).  However,  a  very  high  critical  current 
(the  peak  current  for  passivation)  of  over  0.1  A/cm2  was 
recorded  for  these  two  steels  under  both  conditions.  An 
additional  current  peak  was  observed  at  around  0.02  V  in 
the  hydrogen-purged  solution  and  at  —0.02  to  0  V  in  the 


Fig.  3.  Interfacial  contact  resistances  for  different  stainless  steels  and 
carbon  paper  as  a  function  of  compaction  forces.  ICR  for  S316L  is  shown 
for  reference. 
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air-purged  solution,  followed  by  the  normal  passivation. 
The  reason  for  this  second  peak  is  yet  unclear.  In  addition, 
the  current  density  at  —  0.1  V  in  PEMFC  anode  condition 
0 anode)  is  200  [xA/cm2  for  AISI434  and  300jxA/cm2  for 
AISI441;  while  the  current  density  at  0.6  V  in  PEMFC 
cathode  condition  (/cathode)  is  100  pA/cm2  for  AISI434  and 
60  p, A/cm2  for  AISI441.  These  high  passivation  current 
densities  and  the  high  critical  current  values  preclude  these 
steels  from  being  used  as  is  in  a  fuel  cell  environment. 

Polarization  curves  for  AISI436  and  AISI444  are  very 
much  similar,  with  AISI444  showing  a  wider  passivation 
region  than  AISI436  in  both  conditions.  The  critical  cur¬ 
rent  for  AISI436  is  still  very  high,  over  0.1  A/cm2  under 
both  PEMFC  anode  and  cathode  conditions.  The  critical 
current  for  AISI441  is  a  little  lower  than  that  for  AISI436, 
but  still  over  60mA/cm2  under  both  anode  and  cath¬ 
ode  conditions.  Moreover,  /anode  is  over  60  pA/cm2  for 
AISI436  and  over  50  fxA/cm2  for  AISI444;  /cathode  is  around 
20  pA7cm2  for  both  AISI436  and  AISI444.  Even  though 
the  /cathode  level  is  reduced  significantly,  the  high  critical 
current  and  the  high  level  of  /anode  indicate  that  neither 
AISI436  nor  AISI444  steel  are  viable  materials  for  fuel  cell 
environments. 

On  the  other  hand,  AISI446  has  a  much  wider  passiva¬ 
tion  region  than  the  others.  The  passivation  current,  which 
is  the  lowest  current  in  the  passivation  region,  is  around 
10-15  pA/cm2  for  AISI446  under  both  conditions.  In  the 
simulated  anode  environment,  /anode  is  around  8  |xA/cm2  for 
AISI446  (Fig.  1).  In  the  simulated  PEMFC  cathode  envi¬ 
ronment,  /cathode  is  around  20  |xA/cm2  for  AISI446  (Fig.  2). 
With  these  current  densities,  it  is  reasonable  to  consider 
AISI446  as  a  candidate  material  for  bipolar  plates. 

The  behavior  of  the  ferrite  stainless  steels  in  simulated 
PEMFC  environments  may  be  related  to  Cr  in  the  alloy  as 
the  primary  passivating  element  [20-22] .  In  general,  the  cur¬ 
rent  density  at  the  operating  condition  decreases  with  an 
increase  of  the  chromium  content  in  the  alloy.  This  is  simi¬ 
lar  to  the  behavior  reported  for  the  austenite  stainless  steels 
[15].  However,  this  relationship  is  not  strictly  followed  for 
the  AISI400  series  steels.  The  reason  is  likely  due  to  other 
alloying  elements  like  Ni  and  Mo  that  have  their  own  con¬ 
tribution  to  the  passivation  and  the  nature  of  passive  film  in 
these  environments.  In  particular,  the  similarity  of  the  an¬ 
odic  behavior  of  AISI434  and  AISI441  indicates  that  the 
trace  elements  have  the  same  or  even  a  greater  influence  as 
1%  Mo,  since  the  passivation  current  was  reduced  signifi¬ 
cantly  with  the  addition  of  Cb  and  Ti  as  trace  metals.  The 
additional  influence  of  Mo  can  also  be  seen  from  the  curves 
of  AISI436  and  AISI444.  The  higher  Mo  content  gave  a 
wider  passivation  region.  With  the  exception  of  AISI446,  the 
ferrite  stainless  steels  in  this  study  have  ~18%  Cr  content; 
AISI446  has  a  very  high  Cr  content  of  28%.  Therefore,  the 
significant  difference  in  the  anodic  performance  of  AISI446 
is  likely  to  be  related  directly  to  the  high  Cr  concentration. 
Additionally,  we  note  that  AISI446  has  Ni  at  ~3%  and  Mo 
at  ~3.5%  which  may  also  have  some  bearing  on  its  behav¬ 


ior;  detailed  research  is  needed  to  understand  the  influence 
of  the  additional  alloying  elements. 

Careful  inspection  of  Figs.  1  and  2,  show  that  there  is 
a  broad  peak  at  approximately  0.7  V  for  AISI446  in  both 
the  figures.  Similar  behavior  has  been  reported  for  AISI310 
stainless  steel  [23].  This  peak  has  been  identified  as  due 
to  the  oxidation  of  Cr203  in  the  passive  film  to  a  higher 
valance  state  [23-25].  The  higher  Cr  content  of  AISI446 
among  the  steels  tested  appears  to  be  the  reason  that  only 
AISI446  exhibited  this  behavior. 

Considering  the  polarization  results  only,  in  the  PEMFC 
anode  environment,  the  materials’  performance  is  in  the  or¬ 
der  of  AISI446  >  AISI444  >  AISI436  >  AISI434  > 
AISI441.  For  the  cathode  environment,  the  materials  are  in 
the  order  of  AISI446  >  AISI444  >  AISI436  >  AISI441  > 
AISI434.  Both  of  the  above  orders  suggest  that  AISI446  is 
the  best  candidate  among  the  materials  tested.  Obviously, 
more  investigations  are  warranted  with  this  steel. 

3.2.  Interfacial  contact  resistance 

The  interfacial  contact  resistance  with  the  fresh  stainless 
steel  samples  and  carbon  paper  was  determined  for  differ¬ 
ent  compaction  forces,  Fig.  3.  Note,  only  one  interface  for 
the  carbon  paper/surface  film  formed  in  air  fffc/ss)  is  plot¬ 
ted.  For  comparison,  Fig.  3  also  gives  the  ICR  values  for 
AISI316F  stainless  steel  obtained  under  the  same  condi¬ 
tions.  At  a  compaction  force  of  140N/cm2,  the  interfacial 
contact  resistance  is  in  the  order  of  100-200  m^  cm2  for 
all  the  steels  tested.  It  can  be  seen  that  the  performance 
of  most  of  the  samples  has  the  same  general  behavior  as 
that  of  AISI316F,  but  with  lower  ICR  values  than  those 
of  AISI316F.  The  exception  is  AISI446,  which  is  slightly 
higher  than  AISI3 16F.  The  ICR  results  give  the  performance 
order  of:  AISI444  >  AISI436  >  AISI441  >  AISI434  > 
AISI446.  This  is  almost  the  same  as  the  electrochemical  per¬ 
formance  order  except  for  AISI446.  However,  in  comparison 
to  previous  measurements  [6-11],  AISI446  is  still  an  excel¬ 
lent  candidate  material  for  PEMFC  bipolar  plates  since  the 
differences  in  ICR  values  are  rather  small.  Therefore,  fur¬ 
ther  measurements  were  carried  out  in  simulated  PEMFC 
anode  and  cathode  environments  with  AISI446. 

From  Figs.  1  and  2,  we  see  that  the  surface  of  AISI446 
steel  can  easily  be  passivated  under  the  PEMFC  environ¬ 
ment.  The  major  concern  would  then  be  the  affect  of  the 
passive  film  formed  under  operating  conditions  would  have 
on  the  contact  resistance.  To  this  end,  the  ICR  value  was 
checked  both  for  AISI446  samples  polarized  at  0.6  V  in  sim¬ 
ulated  PEMFC  cathode  environment,  and  for  samples  po¬ 
larized  at  —0.1  V  in  simulated  PEMFC  anode  environment. 
The  results  for  samples  pre-treated  under  potentio static  con¬ 
ditions  for  7.5  h  in  both  environments  are  shown  in  Fig.  4. 
For  comparison  purpose,  results  from  fresh  samples  are 
plotted  again  in  Fig.  4.  In  general,  passivation  has  a  signifi¬ 
cant  influence  on  the  ICR  value.  After  passivation,  the  ICR 
values  for  AISI446  steel  increase,  regardless  the  PEMFC 
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Fig.  4.  Effect  of  passivation  on  the  interfacial  contact  resistance  between 
the  passive  film  and  carbon  paper. 


environment.  Similar  behavior  was  noted  for  349™  stain¬ 
less  steel  [15].  This  shift  in  ICR  values  is  due  to  the  fact  that 
the  nature  and  composition  of  the  passive  film  is  different 
from  the  air-formed  oxide  film.  It  is  also  noted  that  the  steel 
has  a  slightly  higher  ICR  value  when  it  is  polarized  at  0.6  V 
in  air-purged  solution  than  when  it  is  polarized  at  —0.1  V  in 
a  hydrogen  gas-purged  one.  This  is  in  agreement  with  the 
general  understanding  that  oxidation  of  the  steel  surface  is 
easier  in  air-purged  solution  than  in  hydrogen  gas-purged 
one.  So,  one  may  expect  a  thicker  passive  film  when  the 
steel  is  treated  in  air-purged  environment  than  that  treated  in 
the  hydrogen  environment.  The  ICR  value  at  140N/cm2  is 
approximately  350  mQ  cm2  for  sample  polarized  at  0.6  V  in 
simulated  PEMFC  cathode  environment,  and  approximately 
280m£2cm2  for  sample  polarized  at  — 0.1V  in  simulated 
PEMFC  anode  environment,  both  of  which  are  higher  than 
those  for  349™  treated  under  the  same  conditions  [15]  and 
may  be  too  high  for  use  as  a  bipolar  plate  in  a  fuel  cell  stack. 

3.3.  Potentio static  polarization  for  AISI446 

Hydrogen  oxidation  is  the  anode  reaction  in  PEMFC s. 
So,  the  major  concern  for  the  material  in  this  environment 
would  be  its  anti-corrosion  behavior  and  the  film  stability. 
It  can  be  seen  from  Fig.  1  that  the  operating  anode  poten¬ 
tial  of  around  —0.1  V  is  close  to  the  open  circuit  potential 
for  AISI446  in  1 M  H2S04  +  2  ppm  F"  solution  at  70  °C. 
Since  the  steel  may  undergo  dissolution  at  this  potential,  po- 
tentiostatic  measurements  for  AISI446  samples  in  solution 
purged  with  hydrogen  gas  were  conducted  at  —  0.1  V.  The 
current-time  behavior  is  shown  in  Fig.  5. 

From  Fig.  5,  it  is  noted  that  the  transient  current  decays 
very  fast  at  the  beginning  of  polarization;  then  the  current 
stabilizes.  Similar  results  were  reported  for  349™  stainless 
steel  [15]  and  AISI316F  stainless  steel  in  a  pH  1  solution 


Fig.  5.  Transient  current  and  accumulated  charge  of  AISI446  stainless 
steel  at  —0.1  V  in  1  M  H2SO4  +  2  ppm  F_  at  70  °C  purged  with  hydrogen 
gas. 


at  80  °C  [18].  The  fast  decay  of  the  current  is  related  to 
the  passive  film  formation  process.  As  soon  as  the  whole 
surface  is  covered  with  the  passive  film,  the  current  needed 
to  maintain  the  passivation  should  be  very  low.  After  ap¬ 
proximately  20  min  at  —  0.1V,  the  current  undergoes  a 
positive-negative  transition.  The  accumulated  charge  curve 
in  Fig.  5  gives  a  better  view  concerning  this  transition, 
which  occurs  when  the  accumulated  charge  is  in  its  maxi¬ 
mum,  as  marked  in  Fig.  5.  A  similar  current  transition  was 
observed  for  349™  steel  [15].  However,  this  is  different 
from  previous  investigations  with  other  austenite  stainless 
steels  where  only  anodic  current  was  expressed  [12,26]  indi¬ 
cating  a  low  continuous  dissolution  of  the  surface  film.  The 
reason  for  the  cathodic  current  is  not  yet  clear.  However,  a 
cathodic  (negative)  current  here  indicates  that  the  as-formed 


Fig.  6.  Transient  current  and  accumulated  charge  of  AISI446  stainless 
steel  at  0.6  V  in  1  M  H2S04  +  2ppm  F_  at  70  °C  purged  with  pressurized 
air. 
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passive  film  is  cathodically  protected,  so  there  would  not 
be  active  dissolution  of  the  film  under  this  condition.  The 
above  results  suggest  that  the  anodic  dissolution  of  the 
material  in  simulated  PEMFC  anode  environment  could  be 
prevented  after  the  passive  film  is  formed.  From  Fig.  5  it  is 
seen  that  the  current  curve  is  relatively  steady  in  the  range 
of  l-2[xA/cm2  during  the  test  period  giving  rise  to  the 
linear  charge-time  relationship  as  shown.  All  this  indicates 
that  the  passive  film  is  stable  under  these  conditions. 

Oxygen  reduction  is  the  cathode  reaction  in  PEMFCs  and 
the  environment  is  oxidative.  Potentiostatic  measurements 
were  carried  out  at  0.6  V  in  solution  purged  with  air;  the  pas¬ 
sivation  behavior  is  shown  in  Fig.  6.  The  trends  in  Figs.  5 
and  6  are  identical.  Similarly,  passivation  occurred  rapidly 
with  a  fast  current  decay,  and  then  the  current  stabilized  and 
remained  at  a  very  low  level  of  0. 3-1.0  [xA/cm2.  Moreover, 
the  current  curve  in  Fig.  6  indicates  that  the  passive  film 
is  very  stable  under  the  cathode  environment.  Comparing 
Fig.  6  with  Fig.  5,  it  is  seen  that  the  current  does  not  have  an 
anodic  to  cathodic  transition;  the  current  is  always  anodic. 
This  might  be  related  to  fact  that  the  applied  potential  is  in 
the  middle  of  the  passivation  region.  Fig.  6  also  shows  the 
accumulated  charge  used  for  the  passivation.  It  is  noticed 
that  there  is  a  fast  increase  of  charge  in  the  beginning  of 
passivation,  followed  by  a  linear  charge-time  relation.  This 
linear  charge-time  relationship  clearly  indicates  that  the  an¬ 
odic  current  is  very  stable  during  the  measurement  period. 
It  is  also  noted  that  for  this  material,  the  time  needed  for 
the  current  to  stabilize  in  PEMFC  cathode  environment  is 
longer  than  that  in  PEMFC  anode  environment,  possibly  due 
to  either  a  thicker  passive  film  formation  or  a  different  pas¬ 
sive  film  composition.  Referring  to  Fig.  6,  it  is  seen  that  ap¬ 
proximately  50  min  is  needed  before  the  film  stabilizes  and 
a  linear  charge-time  relationship  is  reached. 

3.4.  XPS  depth  profile 

Figs.  7  and  8  give  the  XPS  depth  profiles  for  AISI446 
with  an  air-formed  oxide  film  and  with  passive  films  formed 
from  polarization  in  simulated  PEMFC  environments,  re¬ 
spectively.  The  air-formed  film  is  composed  of  iron  oxides 
and  chromium  oxide,  Fig.  7,  with  a  Fe-rich  outer  layer  and 
a  Cr-rich  inner  layer.  The  depth  profile  reveals  that  AISI446 
has  a  thicker  oxide  layer  than  austenite  349™,  in  addi¬ 
tion  AISI446  also  has  a  higher  ICR  values  than  those  of 
349™  [15,16].  This  indicates  that  the  higher  ICR  values 
are  due  to  a  thicker  film.  Note  that  neither  iron  oxides  nor 
chromium  oxides  dominate  the  composition  of  air-formed 
film  on  AISI446  steel.  This  is  in  excellent  agreement  with 
our  previous  investigation  with  349™  steel  [16],  indicating 
that  the  air-formed  oxide  films  formed  on  stainless  steel  are 
basically  of  the  same  composition,  regardless  the  bulk  struc¬ 
ture  of  the  steel.  Assuming  the  half-height  of  the  oxygen 
in  oxide  (O-oxide  in  Fig.  7)  content  as  an  estimate  of  the 
film/substrate  steel  interface  [23],  the  air-formed  film  on  fer¬ 
rite  AISI446  stainless  steel  requires  approximately  3.5  min 


Sputtering  time,  min 


Fig.  7.  XPS  depth  profile  of  fresh  AISI446  stainless  steel. 


Fig.  8.  XPS  depth  profile  of  AISI446  stainless  steel  polarized  for  7.5  h  in 
1  M  H2S04  +  2ppm  F_  at  70  °C:  (a)  polarized  at  —0.1  V  and  the  solution 
was  purged  with  hydrogen  gas;  (b)  polarized  at  0.6  V  and  the  solution 
was  purged  with  air. 
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of  sputtering,  which  is  almost  three  times  the  time  needed  to 
sputter  off  the  air-formed  film  on  349™  steel  [18].  Adopt¬ 
ing  the  sputtering  rate  of  20  A/min,  gives  an  estimate  of  the 
air-formed  oxide  film  on  AISI446  stainless  steel  as  7.0  nm, 
which  is  approximately  three  times  the  thickness  of  the 
air-formed  film  on  austenite  stainless  steels  [16,27,28]. 

The  passive  films  are  also  composed  of  iron  oxides  and 
chromium  oxide.  However,  in  this  case,  chromium  oxide 
dominates  the  passive  film  composition.  Fig.  8  gives  the 
depth  profiles  for  AISI446  polarized  both  at  — 0.1V  in 
PEMFC  anode  environment  (a)  and  at  0.6  V  in  simulated 
PEMFC  cathode  environment  (b).  It  is  seen  that  the  surface 
composition  depth  profiles  in  Fig.  8a  and  b  are  identical  to 
each  other,  indicating  that  the  composition  of  the  passive 
film  formed  is  not  affected  by  the  applied  potential  and  the 
purging  gases.  This  is  in  agreement  with  the  polarization 
behavior  of  the  steel  in  simulated  PEMFC  environments, 
Figs.  1  and  2.  Careful  inspection  of  Fig.  8a  and  b  shows 
that  the  depth  profiles  are  slightly  different.  A  longer  time  is 
needed  to  sputter  off  the  oxides  from  the  passive  film  formed 
in  simulated  PEMFC  cathode  environment  (Fig.  8b)  than 
the  one  formed  in  simulated  PEMFC  anode  environment 
(Fig.  8a).  AISI446  steel  polarized  in  simulated  PEMFC 
cathode  environment  has  a  deeper  penetration  depth  of  iron 
oxides  and  chromium  oxide  than  that  polarized  in  simulated 
PEMFC  anode  environment.  In  other  words,  AISI446  sam¬ 
ple  treated  at  0.6  V  (with  air  purge)  has  a  thicker  passive 
film  than  that  treated  at  —  0.1  V  (with  hydrogen  purge).  If 
we  still  use  the  half-height  of  the  oxygen  in  oxide  as  the  es¬ 
timate  of  the  film/substrate  steel  interface,  the  passive  film 
treated  at  0.6  V  requires  1.5  min  to  sputter  off,  while  the 
passive  film  treated  at  -0.1  V  only  requires  1.3  min  to  sput¬ 
ter  off.  This  difference  in  sputtering  times  is  directly  related 
to  the  difference  in  film  thickness.  Adopting  a  sputtering 
rate  of  20  A/min,  the  passive  film  thickness  is  estimated 
to  be  3.0  nm  for  AISI446  polarized  at  0.6  V  in  simulated 
PEMFC  cathode  environment  with  air  purge,  and  2.6  nm  for 
AISI446  polarized  at  — 0.1  V  in  simulated  PEMFC  anode 
environment  with  hydrogen  gas  purge.  These  are  identical  to 
the  passive  film  on  349™  under  the  same  conditions  [16], 
and  are  also  in  good  agreement  with  passive  films  on  other 
austenite  stainless  steels  [27,29].  Thicker  passive  film  then 
will  give  a  higher  value  of  interfacial  contact  resistance, 
as  shown  in  Fig.  4.  The  XPS  depth  profile  investigation 
correlates  well  with  the  ICR  measurement. 


4.  Conclusions 

Samples  of  AISI434,  AISI436,  AISI441,  AISI444,  and 
AISI446  ferrite  stainless  steels  have  been  investigated  in  1 M 
H2SO4  +  2  ppm  F-  at  70  °C  purged  either  with  hydrogen 
gas  or  pressurized  air  to  simulate  a  PEMFC  bipolar  plate 
environment.  Both  linear  sweep  voltammetry  and  interfacial 
contact  resistance  measurements  indicated  that  the  perfor¬ 
mance  of  the  AISI446  stainless  steel  is  superior  to  the  others 


in  this  study.AISI446  showed  very  low  critical  and  passiva¬ 
tion  currents  in  the  solution  purged  either  with  hydrogen  gas 
or  with  air.  A  stable  passive  film  was  formed  within  20  min 
at  —0.1  V  in  the  solution  sparged  with  hydrogen.  However, 
it  took  50  min  to  form  a  stable  passive  film  at  0.6  V  in  the 
solution  sparged  with  air.  The  ICR  for  AISI446  increased  af¬ 
ter  passivation.  XPS  depth  profiles  indicate  that  air-formed 
surface  film  is  composed  of  iron  oxides  and  chromium  ox¬ 
ide,  neither  dominates.  The  passive  films  on  AISI446  are 
mainly  chromium  oxide,  and  the  iron  oxides  play  only  a  mi¬ 
nor  role.  The  passive  film  formed  in  the  simulated  PEMFC 
cathode  environment  is  thicker  than  that  formed  in  the  sim¬ 
ulated  PEMFC  anode  environment,  and  the  former  resulted 
a  higher  interfacial  contact  resistance  than  the  latter. 
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